Abstract We previously reported that co-expression of the Gi-coupled metabotropic glutamate receptor 2 (mGlu 2 R) and the Gq-coupled serotonin (5-HT) 2A receptor (2AR) in Xenopus oocytes (Fribourg et al. Cell 147:1011-1023 , 2011 ) results in inverse cross-signaling, where for either receptor, strong agonists suppress and inverse agonists potentiate the signaling of the partner receptor. Importantly, through this cross-signaling, the mGlu 2 R/2AR heteromer integrates the actions of psychedelic and antipsychotic drugs. To investigate whether mGlu 2 R and 2AR can cross-signal in mammalian cells, we stably co-expressed them in HEK293 cells along with the GIRK1/GIRK4 channel, a reporter of Gi and Gq signaling activity. Crosstalk-positive clones were identified by Fura-2 calcium imaging, based on potentiation of 5-HTinduced Ca 2+ responses by the inverse mGlu 2/3 R agonist LY341495. Cross-signaling from both sides of the complex was confirmed in representative clones by using the GIRK channel reporter, both in whole-cell patch-clamp and in fluorescence assays using potentiometric dyes, and further established by competition binding assays. Notably, only 25-30 % of the clones were crosstalk-positive. The crosstalk-positive phenotype correlated with (a) increased colocalization of the two receptors at the cell surface, (b) lower density of mGlu 2 R binding sites and higher density of 2AR binding sites in total membrane preparations, and (c) higher ratios of mGlu 2 R/2AR normalized surface protein expression. Consistent with our results in Xenopus oocytes, a combination of ligands targeting both receptors could elicit functional crosstalk in a crosstalk-negative clone. Crosstalk-positive clones can be used in high-throughput assays for identification of antipsychotic drugs targeting this receptor heterocomplex.
Introduction
Heteromerization of G protein-coupled receptors (GPCRs) is increasingly appreciated as a mechanism for diversifying GPCR responses, allowing fine-tuning in a cell-type specific manner. GPCR heteromers often have distinct functional properties compared to their constituent protomers. Heteromerization can be critical for the formation of a functional receptor from two non-functional protomers, as in the case of GABA B receptors where hetero-dimerization between the GABA B R1 and GABA B R2 is required for receptor function [17, 19, 42] . In other cases, heteromerization appears to be important for allosteric regulation and fine-tuning of receptor signaling. Examples are the existence of heteromerElectronic supplementary material The online version of this article (doi:10.1007/s00424-015-1780-7) contains supplementary material, which is available to authorized users. specific pharmacological profiles, as in the case of heteromers between κ and δ [18] and between μ and δ opioid receptors [12] ; the quantitative changes of the signaling properties of the complex as in the cases of heteromers formed by the adenosine 1/dopamine 1 receptors (A1R-D1R) [10] and the serotonin 2A (2AR)/ /dopamine 2 receptors (2AR/D2R) [1] ; and the ligand-induced conformational coupling of the μ opioid with the alpha 2A adrenergic receptor (ADR α2A ) [39] . In the central nervous system, this integration of signaling through allosteric receptor-receptor interactions provides signaling diversity by allowing a given neurotransmitter to trigger qualitatively or quantitatively different downstream responses in neurons expressing different heteromeric complexes [1, 9, 35] .
The Gq-coupled 5-HT 2A receptor (2AR) and the Gicoupled metabotropic glutamate receptor 2 (mGlu 2 R) are two neurotransmitter GPCRs implicated in psychosis. The former is involved in the mechanism of action of atypical antipsychotic drugs, acting as its antagonists/inverse agonists, and those of hallucinogens acting as strong agonists. Evidence associating mGlu 2 R with psychosis comes from the antipsychotic effects of strong agonists targeting group II metabotropic glutamate receptors [21, 30] and from behavioral studies showing that mGlu 2 R, but not the closely related mGlu 3 R, mediates these antipsychotic-like effects in experimental models of psychosis [8, 36, 43] . The mGlu 2 and 2A receptors form heteromers in heterologous expression systems as well as in mouse and human frontal cortex [13, 28, 29] . The physiological significance of this complex is highlighted by behavioral experiments demonstrating that in experimental models of psychosis the antipsychotic-like effects of drugs targeting either receptor require the presence of the partner receptor [11] and that wild-type mGlu 2 R, but not a mutant unable to bind 2AR, can rescue the head-twitch behavior induced by the hallucinogenic 2AR receptor agonist DOI [29] .
We recently reported that formation of the mGlu 2 R/2AR heterocomplex in Xenopus oocytes introduces an inverse relationship in the active/inactive conformations and signaling properties of the two receptors, altering the balance between Gi and Gq signaling [11] . In response to the natural ligands glutamate and serotonin, heterocomplex formation enhances Gi signaling through mGlu 2 R and reduces Gq signaling through 2AR. Strong agonists for either receptor suppress signaling through the partner receptor and inverse agonists for either receptor potentiate the signaling through the partner receptor. To describe changes in the balance between Gi and Gq signaling induced by heteromeric assembly of the two receptors, we introduced a metric called the balance index (BI) . Importantly, we demonstrated that the BI can predict the anti-or pro-psychotic activities of drugs targeting mGlu 2 R and 2AR. Drugs with the most effective antipsychotic properties, regardless of which receptor they target, show the highest BI values, whereas drugs with the most effective pro-psychotic properties show the lowest BI values.
The physiological relevance of cross-signaling between mGlu 2 R and 2AR was challenged in a concurrent publication by Delille and colleagues [6] , and in a subsequent review by the same authors [7] . These authors reported that even though co-expression of the two receptors in HEK293 cells resulted in heteromeric complexes, as expected based on previous reports [13, 32] , no significant effects on either Gi or Gq signaling in response to 2AR or mGlu 2 R agonists, antagonists, and positive allosteric modulators (PAMs) could be observed. Based on their results, these authors argued against the relevance of cross-signaling between the two receptors for mammalian cells. In the present study, we have addressed this controversy by using a system of HEK293 cells stably expressing various levels of the two receptors in the background of the GIRK1/4 channel that served as a reporter for both Gi and Gq signaling. Cross-signaling between mGlu 2 R and 2AR was investigated by co-administration of natural agonists to either receptor with inverse agonists of the partner receptor. Here, we report that cross-signaling between the two receptors does exist in mammalian cells; however, mere co-expression of the two receptors is not enough to guarantee cross-signaling. Only a fraction of our clones showed positive crosstalk (i.e., potentiation of the signaling of one receptor by inverse agonists targeting the partner receptor) as assayed by calcium imaging. Patch clamping and use of potentiometric dyes further confirmed these results in representative crosstalk-positive and crosstalk-negative clones (the later defined as clones where inverse agonists for either receptor did not potentiate the signaling of the partner receptor). In accordance to our observations from Xenopus oocytes [11] , appropriate ratios of the two receptors appear to be necessary for functional crosstalk. In our mammalian cell system, functional crosstalk correlated with increased colocalization of the two receptors at the cell surface and higher ratios of normalized mGlu 2 R/2AR surface expression. Importantly, a combination of ligands targeting both receptors was able to elicit functional crosstalk in crosstalk-negative clones, indicating that even crosstalknegative heterocomplexes can show cross-signaling under the appropriate pharmacological treatment. These results further establish the functional significance of the heteromeric mGlu 2 R/2AR complex and point to the gaps in our knowledge on what controls subunit stoichiometry and trafficking to the plasma membrane in crosstalk-positive complexes in mammalian cells.
Methods

Constructs
The human GIRK1 and GIRK4 subunits of the atrial K + channel were sub-cloned within the multiple cloning sites MCS1 and MCS2, respectively, of the bidirectional expression vector pBI-CMV1 (Clontech Laboratories, Inc., Catalog # 631630). N-terminally c-Myc-tagged wild-type human 5-HT 2A (Myc-2AR) and N-terminally HA-tagged human mGlu 2 R (HAmGlu 2 R) have been previously described [13] . For antibiotic selection purposes, the above constructs were sub-cloned in the pcDNA3.1/hygro and pcDNA3.1/neo vectors, respectively. All constructs were confirmed by DNA sequencing. Constructs used in transient transfection controls for the binding assays: The N-terminally c-Myc-tagged form of the wildtype human 5-HT 2A and the N-terminally hemagglutinin (HA)-tagged form of wild-type mGlu 2 3 R (HA-mGlu 2 ΔTM4N) have been described previously [29] . Superscripts in this form indicate BallesterosWeinstein numbering for conserved GPCR residues [29] . It has also been shown that the mGlu 2 R /mGlu 3 R chimeric construct does not form a heteromeric complex with 2AR [29] . Serotonin hydrochloride (5-HT) and glutamate (Glu) were purchased from Sigma-Aldrich. Paliperidone, LY341495 (LY34), and LY379268 (LY37) were from Tocris Bioscience.
Cells and transfections
HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10 % (v/v) fetal bovine serum at 37°C in a 5 % CO 2 humidified atmosphere. Transfections were performed using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions. For selection of the stably transfected GIRK clones, the pPUR selection vector (Clontech Laboratories, Inc., Catalog # 631601) was cotransfected with the pBI-CMV1-GIRK1-GIRK4 construct in 1:20 ratio and stable clones of HEK-GIRK cells were selected, and maintained thereafter, in puromycin-containing medium (500 ng puromycin/ml). For selection and maintenance of HEK-GIRK-mGlu 2 R clones, G418 (500 μg/ml) was included in the above medium, whereas HEK-GIRK-mGlu 2 R-2AR clones were selected and maintained in the presence of the above antibiotics plus hygromycin (200 μg/ml).
Western blotting
Cell lysates were prepared in RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA), containing protease inhibitors (Roche Diagnostics, Basel, Switzerland). Equal amounts of protein were resolved by SDS-polyacrylamide gel electrophoresis and analyzed by immunoblotting. GIRK expression was detected with the anti GIRK1 polyclonal antibody H-145 (Santa Cruz Biotechnology, Santa Cruz, CA). The anti Ncadherin mouse monoclonal antibody (BD Transduction Laboratories, Franklin Lakes, NJ) was used to probe for Ncadherin, as an internal control. Expression of HA-tagged mGlu 2 R was detected by the rat anti-HA antibody 3F10 (Boehringer Mannheim, Mannheim, Germany).
Measurements of intracellular Ca
2+
Cells were switched to serum-free medium for about 3-4 h, before being loaded with 5 μm Fura2-AM (Molecular Probes, OR) in Imaging Solution (125 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 6 mM glucose, and 25 mM Hepes/Tris, pH 7.4). Following incubation for 30 min at 37°C, cells were washed with imaging solution and kept at room temperature for about 15 min before being placed on the stage of an epifluorescence microscope, coupled to an automatic perfusion system and controlled by the Live Acquisition Software from Till Photonics, see [33] for details. The Fura-2 signal was acquired at 510 nm by switching the excitation wavelength between 340 and 380 nm. Intracellular calcium concentration was expressed as a 340/380 nm ratio, and values were normalized to the basal 340/380 nm ratio level before perfusion of the drug. For the experiments presented in Fig. 2 , responses of each cell to either 5-HT or 5-HT + LY34 were further normalized to the mean 5-HT responses in cells from the same clone in the same experiment. Results were expressed as mean ± SEM. Statistical significance was determined by two tail Student's t test.
ImageStream and immunofluorescence
Imaging flow cytometry was used to measure the mGlu 2 R and 2AR surface expression as well as colocalization of these receptors at the single cell level. HEK293 clones stably expressing mGlu 2 R-HA or 2AR-c-Myc were fixed with paraformaldehyde (1.6 %, 10 min at room temperature). Cells were not permeabilized to ensure only surface staining of the receptors. To avoid possible effects of the trypsin and/or EDTA on distribution of the receptor, cells were resuspended mechanically. Our group has successfully applied this technique to assess HEK293 by regular flow cytometry [27] . Cells were then stained with an anti-HA mouse IgG1 monoclonal antibody conjugated with Alexa Fluor 488 (Cell Signaling, catalog # 2350S) together with an anti-c-Myc mouse IgG1 monoclonal antibody conjugated with Alexa Fluor 647 (Cell Signaling, catalog # 2233S) (1:25 dilution for 1 h at room temperature). Controls were performed by staining a subset of the sample with the corresponding isotype antibodies, one conjugated to Alexa Fluor 488 (Cell Signaling, catalog #4878) together with one conjugated to Alexa Fluor 647 (Cell Signaling, catalog #4843). Following staining, images of each cell were acquired at a magnification of ×60 on an ImageStream flow cytometer (Amnis) and analyzed with the IDEAS analysis software. Single-color controls were used for the creation of a compensation matrix that was applied to all files to correct for spectral crosstalk.
In surface receptor expression measurements, calibration beads (Spherotech catalog # RCP-30-5A) were used to control for changes in the laser output power and image acquisition among different experiments. We further normalized the expression measurement to the size of each cell to obtain surface protein expression as densities.
For colocalization measurements, positive cutoff values were calculated on the basis of the background Bbright detail similarity^(BDS) of mGlu 2 R-HA and 2AR-c-Myc and an irrelevant signal (bright-field) (see Fig. 3b ). The BDS feature of IDEAS was then used for measurement of the spatial correlation between the fluorescent signal emanating from Alexa Fluor 488-labeled HA and that of Alexa Fluor 647-labeled 2AR-c-Myc. BDS is the log-transformed Pearson's correlation coefficient of the localized bright spots with a radius of three pixels or less within the masked area in the two input images.
The higher the BDS score, the higher the level of colocalization. BDS scores of >1.5 were considered colocalized. This threshold for the BDS score was obtained by applying the similarity image analysis algorithm first to a negative set (bright-field image). A threshold of 1.5 is consistent with previous similar studies [20, 31] and indicative of good performance of the image analysis algorithm.
Confocal microscopy
Cells were plated in coverslips and were allowed to attach overnight. Cells were then fixed and stained with an anti-HA mouse IgG1 monoclonal antibody conjugated with Alexa Fluor 488 (Cell Signaling, catalog # 2350S) together with an anti-c-Myc mouse IgG1 monoclonal antibody conjugated with Alexa Fluor 647 (Cell Signaling, catalog # 2233S) (1:25 dilution for 1 h at room temperature). Controls were performed by staining coverslips with the corresponding isotype antibodies, one conjugated to Alexa Fluor 488 (Cell Signaling, catalog #4878) together with another conjugated to Alexa Fluor 647 (Cell Signaling, catalog #4843). Additional controls with untransfected HEK293 to test selectivity of antibodies were also performed. Following staining, coverslips were mounted and imaged with a Zeiss LSM880 laser confocal microscope using a 40× oil-immersion objective. Colocalization signal was determined performing a pixel-by-pixel comparison of the 2AR-c-Myc and the mGlu 2 R-HA images after background subtraction based on isotype controls. Microscopy was performed at the Microscopy CORE at the Icahn School of Medicine at Mount Sinai. Image analysis was performed with Matlab (http://www.mathworks.com).
Gene expression measurements
Messenger RNA expression was quantified using quantitative real-time polymerase chain reaction (RT-PCR). cDNA was synthesized from total RNA using AffinityScript MultiTemp RT (Agilent, Santa Clara CA) with an oligo(dT)18 primer. Realtime PCR was performed using PlatinumTaq DNA polymerase (Invitrogen, Carlsbad CA) and SYBR-green (Invitrogen, Carlsbad CA) on an ABI7900HT thermal cycler (Applied Biosystems, Foster City CA). A robust global normalization algorithm, using expression levels of the housekeeping genes ribosomal protein S11 (rps11), β-actin (actb), and α-tubulin (tuba), was used for all experiments, as described elsewhere [3] . In brief, all crossing threshold (Ct) values were first adjusted by median difference of all samples from actb. Each individual sample was then further corrected by the median Ct value of the three corrected housekeeping controls for that sample. Finally, nominal copy numbers were calculated by assuming 2500 molecules of actb messenger RNA (mRNA) per cell, and an amplification efficiency of 93 % using the difference in Ct value (ΔCt method). PCR primer sequences for mGlu 2 R used are GCTACGCCTCTACCAGTGCCAA for the sense and ATGCCTGTCTCGCCATAGTCG for the antisense. PCR primer sequences for 2AR used are CCACAGCCGCTTCAACTCC for the sense and TCGAATCGTCCTGTAGCCCAA for the antisense.
Radioligand binding assays
Radioligand binding assays in total membrane preparations were performed as described previously [29] with minor modifications. Briefly, cell pellets (transfected HEK293 cells or clones) were homogenized using a Teflon-glass grinder (10 up-and-down strokes at 1500 rpm) in 1 ml of binding buffer (see below), supplemented with 0.25 M sucrose. The crude homogenate was centrifuged at 1000×g for 5 min at 4°C, and the supernatant was re-centrifuged at 40,000×g for 15 min at 4°C. The resultant pellet (P 2 fraction containing both plasma membranes and endosomes) was washed twice in homogenization buffer and re-centrifuged in similar conditions. Aliquots were stored at −80°C until the assay was carried out. Protein concentration was determined using the BioRad protein assay.
[ Radioligand binding data were analyzed using a non-linear curve fitting software (GraphPad Prism). An extra-sum-ofsquares (F test) was used to determine statistical difference for simultaneous analysis of saturation and displacement curves.
Whole-cell patch-clamp recordings
Whole-cell patch-clamp current recordings were performed with either Patch Clamp L/M-EPC7 or Axopatch 200A and 200B amplifiers and Axon 8.1 software (Axon Instruments, Union City, CA). Cells were trypsinized, resuspended in DMEM medium, and placed in the incubator for at least 3-4 h for recovery. After recovery, cells were placed on poly-Dlysine coverslips, left to attach for ∼15 min, and transferred to the chamber of the patch-clamp setup with external solution containing in millimolar: 140 potassium gluconate, 2 CaCl 2 , 5 EGTA/K, 10 glucose, 10 HEPES-K, and 1 MgCl 2 . The composition of the internal solution was in millimolar: 140 potassium gluconate, 2 CaCl 2 , 5 EGTA/K, 10 Glucose, 10 HEPES-K, 0.3 MgCl 2 , 2 NaATP, and 0.01 GTP. Osmolarity in both solutions was 340 mOsm and pH was 7.4. Upon formation of the whole-cell configuration, a voltage ramp from −100 to + 100 mV was applied and data were collected. At the end of the recordings, 4 mM BaCl 2 was applied to block potassium currents. The first few data points of the current versus time plot at −100 mV were averaged to obtain basal current. Similarly, agonist-induced currents were calculated by averaging several current values at the peak of the effect. Values were divided by the membrane capacitance (pF) to normalize for the size of each cell. For the experiments shown in Fig. 6a , Gq activity was measured as GIRK current inhibition. Gq-induced changes were subtracted from basal, and the difference was divided by the basal currents. For the experiments shown in Fig. 6b , c, Gi activity was measured as GIRK current activation. Basal levels were subtracted from agonist-induced values and the difference was divided by the basal currents.
HLB 021-152 epifluorescence assay
A day before the assay, the cells were plated in black-walled, clear-bottomed 96-well microplates (Greiner Bio-One GmbH) and incubated overnight in serum-containing medium. The following day, cells were switched to serum-free medium for about 2-3 h before switching again to low-K + assay solution (125 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 6 mM glucose, and 25 mM HEPES/Tris, pH 7.4) containing HLB021-152 (5 μM; AnaSpec). Dye-loaded cells were incubated at 37°C for 45 min and kept at room temperature for about 15 min before being transferred to an epifluorescence microscope, coupled to an automatic perfusion system. Cells were excited at 530 nm, and fluorescence was recorded at the 590/40 nm band at 2-s intervals. Baselines were recorded for 60 s by constant perfusion of Low-K + assay solution containing HLB 021-152 before perfusion of the drugs, again in dye containing Low-K + assay solution. Fluorescent traces obtained for each cell were analyzed as follows: Fluorescent signals for each time point were divided by the average signal of the last 20 s of the baseline to obtain F/F0. Drug-induced changes in fluorescence were calculated by averaging 5-6 values of the F/F0 trace at the peak of the effect. Data were expressed as the percentage of change in channel activity (i.e., the percentage of decrease in fluorescence in each cell compared to its baseline).
Fluorescent imaging plate reader FLIPR membrane potential assay
Two days before the assay, the cells were plated in blackwalled, clear-bottomed 96-well microplates (Greiner Bio-One GmbH) so as to be approximately 90 % confluent on the day of the assay. Cells were switched to serum-free medium for about 2-3 h, following which an equal volume of the dye (FLIPR Membrane Potential dye (blue) from Molecular Devices, Sunnyvale, CA), reconstituted in low-K + assay solution, was added. Dye-loaded cells were incubated at 37°C for 45 min and transferred to an automated liquid handling microplate reader (FlexStation 3 Molecular Devices). Fluorescence was measured at 565 nm with an excitation wavelength of 530 nm and cutoff at 550 nm. Data points were collected at 2-s intervals. Basal fluorescence was recorded for 60 s before addition of the drugs in dye-containing assay solution. Control wells received only vehicle. Fluorescent signals for each time point were divided by the average signal of the last 20 s of the baseline to obtain F/F0. F/F0 values from six to eight control wells were averaged, and the average control F/F0 values were subtracted from F/F0 values in each of the drug-treated wells from the same plate in order to obtain normalized traces. Druginduced changes in fluorescence were calculated by averaging 5-6 values of the normalized trace at the peak of the effect.
Results
Generation of stable cell lines expressing 2AR and mGlu 2 R in the background of GIRK1/4 channel (HEK/GIRK/mGlu 2 R/2AR clones)
To investigate whether mGlu 2 R and 2AR can cross-signal in HEK293 cells, we proceeded to generate stable cell lines expressing the two receptors in the background of the Kir3.1/ 3.4 (or GIRK1/GIRK4) inwardly rectifying channel, which serves as a reliable reporter for both Gq and Gi signaling [14, 23] . HEK293 cells were transfected with the bidirectional expression vector pBI-CMV1, carrying the GIRK1 and GIRK4 subunits of the channel, and antibiotic-resistant clones were screened by Western blotting for expression of GIRK1 (Fig. 1a, lower panel) . Levels of endogenously expressed Ncadherin served as internal loading controls (Fig. 1a, upper  panel) . In order to select the appropriate clone to then add the receptors to, we searched for clones expressing suitable levels of functional heteromeric GIRK1/4 channel. Several GIRK1-positive clones were subjected to whole-cell patchclamp recordings to monitor responses to the guanosine triphosphate analog GTPγS, which is known to stimulate receptor-independent activation of barium-sensitive GIRK currents [4] . Indeed, inclusion of GTPγS in the patch pipette stimulated basal currents by several fold in most of the clones tested, an effect blocked by BaCl 2 added to the bath solution. Figure 1b shows a summary of data obtained from clone 31, the clone we eventually chose to express the GPCRs (see Online Resource 1, Fig. S1a ) for a representative trace. We next proceeded to transfect an HA-tagged mGlu 2 R in the GIRK1/4 expressing HEK293 cell clone 31 (HEK/GIRK 31). Antibiotic-resistant clones were first screened for expression of mGlu 2 R by Western blotting with anti-HA antibodies (Fig. 1c) . In order to confirm functional coupling of the receptor to the channel, clones positive for mGlu 2 R expression were subjected to whole-cell patch-clamp recordings and tested for glutamate (Glu)-induced currents. Indeed, in several clones, application of Glu induced a significant increase in the activity of the channel, which was blocked by BaCl 2 (see Online Resource 1, Fig S1b for a representative trace) . The HEK/GIRK/mGlu 2 R clone 59 (summary of responses to 100 μM of Glu are shown in Fig. 1d ) was selected for stable transfection of a c-Myc-tagged 5-HT 2A R (or 2AR). In order to efficiently screen antibiotic-resistant clones for 2AR expression, we relied on the transient increase of intracellular calcium due to IP3-mediated Ca 2+ release from the endoplasmic reticulum following stimulation of Gq signaling. The Fig. 1 Generation of HEK/GIRK/mGlu 2 R/2AR clones. a Western blot analysis of GIRK1 and N-cadherin levels in three puromycin-resistant clones of HEK293 cells transfected with GIRK1 + GIRK4 (HEK/GIRK clones). Numbers on the top indicate clone IDs. b Summary of data from whole-cell patch-clamp recordings of GIRK activity in HEK/GIRK clone 31 in response to 100 μM GTPγS included in the patch pipette and within a couple of minutes following establishment of the whole-cell recording mode. For each cell, the current was normalized to membrane capacitance and data are expressed as pA/pF. c Western blot analysis of mGlu 2 R levels in three G418-resistant clones of HEK/GIRK cells transfected with HA-mGlu 2 R. Numbers on the top indicate clone IDs. d Summary of data from whole-cell patch clamp recordings of GIRK currents in response to 100 μM Glu in HEK/GIRK/mGlu 2 R clone 59. Data are expressed as pA/pF. e, f Examples of 2AR-positive (e) and 2AR-negative (f) hygromycin-resistant clones of HEK/GIRK/mGlu 2 R cells transfected with Myc-2AR. Responses of FURA-2-loaded cells to 10 μM 5-HT were monitored by calcium imaging in an epiluorescence microscope under constant perfusion ratiometric calcium indicator Fura2-AM was used to detect 5-HT-induced elevation of intracellular calcium in the 2AR expressing clones by epifluorescence microscopy. Upon serotonin (5-HT) application, most clones showed a transient 5-HTdependent increase in the FURA-2 emission ratio (2AR-positive clones, see Fig. 1e and Online Resource 2, Video 1), whereas several clones were insensitive to 5-HT (2AR-negative clones, see Fig. 1f and Online Resource 3, Video 2), presumably indicating that they had not integrated 2AR in their genome. Many of the stable cell lines contained the desired GPCRs and the channel reporter, but the question remained of whether the presence of these three components was sufficient to give crosstalk. Characterizing a number of stable HEK/GIRK/mGlu 2 R/2AR cell lines with different levels of expression of mGlu 2 R and 2AR provided us with the opportunity to identify the characteristics required for cross-signaling between heteromers of these two receptors in mammalian cells.
Cross-signaling between mGlu 2 R and 2AR in HEK/GIRK/mGlu 2 R/2AR clones, demonstrated by calcium imaging
We first studied crosstalk from the mGlu 2 R to the 2AR side of the heteromer displayed by these clones. We have previously shown that upon co-expression of mGlu 2 R and 2AR in the Xenopus oocyte system, the mGlu 2 R inverse agonist LY341495 (or LY34) cross-signals and potentiates the 5-HTelicited Gq signaling [11] . To examine whether such a crosstalk between the two receptors existed in our stably transfected HEK/GIRK/mGlu 2 R/2AR cell system, we used calcium imaging to compare Gq signaling-induced calcium release in response to 5-HT, in the presence and absence of LY34. Preliminary experiments confirmed that LY34 alone was not able to elicit any calcium responses. Randomly selected 2AR-positive clones were exposed to 5-HT, or 5-HT together with LY34, and the calcium signal was measured by the ratiometric calcium indicator Fura-2. Multiple independent experiments confirmed that cross-signaling between the two receptors, as manifested by potentiation of the serotonininduced signal, is a characteristic of a fraction of the 2AR-positive clones. However, stable transfection produced a variety of clones with different phenotypes. While about 25-30 % of the clones showed consistent potentiation of the 5-HTinduced signal by LY34 (crosstalk-positive), most of the 2AR-positive clones failed to show LY34-dependent potentiation of the 5-HT-induced signal (crosstalk-negative). Figure 2a , b shows a summary of LY34-potentiated fluorescence data obtained from different clones, with either saturating (Fig. 2a) or sub-saturating (Fig. 2b) concentrations of 5-HT. It should be noted that even under saturating concentrations of serotonin, we never observed saturation of the Fura-2 signal; (a) application of the Ca 2+ ionophore 4Br-A23187 under identical conditions yielded much larger Ca 2+ signals, and (b) LY34 had quantitatively similar effects under either a saturating or sub-saturating concentration of 5-HT in two clones used in both sets of experiments (see clones 45 and 106 in Fig. 2a, b ).
Among the clones tested, two clones displayed unexpected responses: One of them, clone 3, showed a consistent and highly significant suppression of the serotonin signal (Online Resource 4, Fig. S2a ). This behavior signifies a unique phenotype, which is neither crosstalk-positive (no potentiation of the 5-HT signal by LY34), nor crosstalk-negative (since a drug targeting one receptor did induce highly reproducible changes in the signaling of the partner receptor). The nature of this unique inverse cross-signaling is unclear. Another clone, 92, unlike any other clone, displayed inconsistent responses appearing as crosstalk-positive in some of the calcium imaging experiments but as crosstalk-negative in others (see Online Resource 4, Fig. S2b ). However, despite its inconsistent behavior in the LY34 potentiation of the 5-HT-induced calcium imaging assay, this clone showed a consistent crosstalkpositive phenotype in all other assays tested (presented in the relevant sections of the BResults^). We also expand on the unexpected responses of these two clones in the BDiscussion.Ĉ ells from crosstalk-positive clones show a higher degree of colocalized signal for mGlu 2 
R and 2AR
Based on the reasonable assumption that crosstalk-positive clones will express greater amounts of the mGlu 2 R/2AR heteromers in the membrane, we hypothesized that crosstalk-positive clones would exhibit a greater extent of colocalization of the mGlu 2 R and 2AR in the membrane. Imaging flow cytometry has successfully been used to quantify colocalization of proteins [2, 20, 27, 31] . We chose to use imaging flow cytometry since it provides a unique tool to quantify colocalization in a large number of cells and is perfectly adapted to screen multiple clones. We then validated these results with confocal microscopy in a crosstalk-positive clone (clone 80) and a crosstalknegative clone (clone 45).
We first mechanically (without trypsin or EDTA) resuspended HEK/GIRK/mGlu 2 R/2AR cells from different clones to avoid disruption of receptor expression. Samples were then fixed and stained with antibodies against the extracellular HA and c-Myc tags included in the stably transfected mGlu 2 R and 2AR constructs, respectively, conjugated to two nonoverlapping fluorophores, Alexa Fluor 488 and Alexa Fluor 647. For each cell (10,000 cells/sample), bright-field, HA-mGlu 2 R staining, and c-Myc-2AR staining images were obtained using Image Flow (Fig. 3a) . In order to ensure surface staining exclusively, cells were not permeabilized. Thus, despite these images being epifluorescence images, any signal captured in the image is strictly on the surface. We quantified colocalization in each cell by comparing the bright detail similarity (BDS) between the signals associated with each receptor (see BMethods^). We obtained the threshold for highly colocalized signals in the analysis of BDS = 1.5 by applying the similarity image analysis algorithm first to a negative set of images (bright-field images). The threshold of 1.5 (Fig 3b) is consistent with previous similar studies [20, 31] and was indicative of good performance of the image analysis algorithm.
Consistent with our hypothesis, quantification of the colocalization extent of mGlu 2 R and 2AR signals in the membrane of cells from different clones revealed a significant increase in the percentage of cells with highly colocalized mGlu 2 R and 2AR signals (colocalized cells) in crosstalkpositive clones, compared to crosstalk-negative clones (Fig. 3b, c) . Clone 3, which showed inverse cross-signaling in the calcium imaging experiments (see Online Resource 4, To validate our results, we obtained images of the cellmembrane distribution of mGlu 2 R and 2AR in cells from clone 45 (crosstalk-negative) and clone 80 (crosstalkpositive), using confocal laser microscopy. We evaluated the extent of the colocalization of the mGlu 2 R and 2AR by calculating the BDS of their respective confocal microscopy images (Fig. 3d) . BDS control measurements with bright-field images yielded an average score of 0.093 (the BDS threshold of 1.5 is only applicable to single cells). Controls in unstransfected HEK293 cells and with isotype staining were also performed. Our results indicated a higher extent of colocalization for the crosstalk-positive clone consistent with our imaging flow cytometry results.
Crosstalk-positive and crosstalk-negative clones are differentiated based on the relative surface expression of the receptors, each normalized to its own mRNA level
In an effort to further understand the cross-signaling responses of individual clones, we proceeded to characterize differences between crosstalk-positive and crosstalk-negative clones in terms of protein and gene expression.
We first measured by immunofluorescence and flow cytometry the ratios of surface (non-permeabilized cells) protein expression of mGlu 2 R and 2AR in different clones, utilizing the fluorophore-conjugated anti-HA and anti-c-Myc antibodies described above. We observed that the mGlu 2 R and 2AR surface expression levels did not explain the difference between crosstalk-positive and crosstalk-negative clones (Fig. 4a) and neither did the ratio between the two levels of receptor surface expression (Fig. 4b) . 
We then used the real-time polymerase chain reaction (RT-PCR) to measure the level of mGlu 2 R (GRM2) and 2AR (HTR2A) gene expression. Stably transfected cells showed high degree of variability in mGlu 2 R/2AR mRNA ratios, which ranged from 1:1 to more than 4:1 (Fig. 4c) . Notably, crosstalk-positive clones were characterized by ratios around 1:1 (i.e., closer to 0.5 seen in the positive crosstalk experiments in Xenopus oocytes by Fribourg at al [11] , whereas crosstalk-negative clones were largely characterized by higher mGlu 2 R/2AR mRNA ratios. A few exceptions, however, e.g., clone 88 shown in Fig. 4c , suggested that mRNA ratios of our stably transfected receptor clones may not be sufficient to differentiate crosstalk-positive from crosstalk-negative clones.
Interestingly, and in line with our previous results in oocytes [11] , the expression levels for each gene did not correlate with the amounts of surface protein expressed (compare Fig. 4b, c) . Guided by the existing literature that indicates differences in translation and trafficking of heteromers vs. homomers [5, 16, 26] , we explored whether normalizing each surface receptor protein to its available mRNA could differentiate crosstalk-positive from negative clones. Indeed, the ratio mGlu 2 R and 2AR surface protein expression (immunofluorescence measurement), each expressed per unit of its own mRNA (RT-PCR measurement), revealed statistically significant differences that allowed us to reliably differentiate functionally crosstalk-positive from crosstalk-negative clones (Fig. 4d) . Similarly to what we observed in the colocalization experiments, clones 3 and 92, characterized by their unexpected behavior in calcium imaging experiments, were among the crosstalk-negative and crosstalk-positive groups, respectively (see Online Resource 4, Fig. S2d ).
Plotting the normalized mGlu 2 R surface protein (surf. protein/mRNA) against the normalized 2AR surface protein for each clone revealed a clear segregation of crosstalk-positive clones to a different area than the one corresponding to the negative ones (Online Resource 4, Fig. S2e , gray and white areas, respectively). Remarkably, the Bpeculiar^clones 3 and 92 appear very close to the borderline dividing the crosstalkpositive and crosstalk-negative regions, which presumably explains their unexpected behavior.
Ligand binding interactions in a representative pair of crosstalk-positive and crosstalk-negative clones
As mentioned above, ratios of mGlu 2 R/2AR mRNA expression levels in different clones did not correlate with the corresponding surface protein expression ratios (compare Fig. 4b, c) , similar to results in Xenopus oocytes where for a given mGlu 2 R mRNA level, the amount of the injected RNA for 2AR accounted for levels of total, but not of surface receptor protein [11] . Radioligand binding assays in crude membrane preparations offer a sensitive measure of the relative densities of the total levels of a transmembrane receptor in two samples. To determine the total densities of mGlu 2 R and 2AR in a representative pair of crosstalk-positive and crosstalk-negative clones, we carried out radioligand binding assays in total membrane preparations (i.e., P 2 fraction containing plasma membranes and intracellular membrane compartments) from clone 80 (crosstalk-positive) and clone 45 (crosstalk-negative). Binding assays saturation curves with the mGlu 2/3 R receptor antagonist [ 3 H]LY341495 indicated higher density of mGlu 2 Rs in clone 45 as compared to clone 80 (Fig. 5a) , whereas binding assays saturation curves 2AR receptor antagonist [ 3 H]ketanserin indicated a higher density of 2ARs in clone 80 as compared to clone 45 (Fig. 5b) . Thus, in line with the observation that the crosstalk-positive phenotype is largely associated with lower mGlu 2 R/2AR mRNA ratios, the crosstalk-positive clone 80 displayed both lower density of total mGlu 2 Rs and higher density of total 2ARs, compared to the crosstalk-negative clone 45, resulting in a lower ratio of mGlu 2 R/2AR total receptor density, as determined by the ratio of [ 3 H]LY341495/[ 3 H]ketanserin binding sites (Fig. 5c) .
When a non-radioactive agonist ligand is used to displace an antagonist radioligand, it will first bind receptor-G protein complexes and then, at higher concentrations, it will compete for the uncoupled receptors. This results in the wellcharacterized biphasic displacement curves of radiolabeled antagonists seen with agonists [13] . We have previously demonstrated that the biphasic displacement curve of [ 3 H]ketanserin by the 2AR agonist DOI becomes monophasic in cells co-expressing 2AR and mGlu 2 R [29] . We also reported that this allosteric crosstalk between 2AR and mGlu 2 R requires close sub-cellular proximity as it is absent in cells co-expressing 2AR and the mGlu 2 R/mGlu 3 R chimeric construct that does not form the 2AR-mGlu 2 R heteromeric complex (mGlu 2 RΔTM4N) [29] . Similar findings were observed in this study (Fig. 5d, e, construct that does not form the 2AR-mGlu 2 R heteromeric complex), or mock (pcDNA3.1), or in clones c45 and c80 (N = 3-4). Note that the 2AR affinity for DOI was decreased by mGlu 2 R, and unaffected by mGlu 2 R ΔTM4N, assessed by F test. Note that 2AR affinity for DOI in clone 80 is not different to that observed in HEK293 cells co-transfected with 2AR and mGlu 2 R, assessed by F test. Note also that whereas a two-site model provided a better description for the [ Table 1) and Table 1 ), presumably indicating a low level of crosstalk between mGlu 2 R and 2AR in this clone.
Cross-signaling between mGlu 2 R and 2AR in HEK/GIRK/mGlu 2 R/2AR clones using an electrophysiological assay
In the Xenopus oocyte system, cross-signaling between mGlu 2 R and 2AR results in potentiation of the signaling of either receptor in response to its endogenous ligand by inverse agonists of the partner receptor [11] . To further differentiate between a crosstalk-positive and a crosstalk-negative stable HEK293 clone, we performed whole-cell patch-clamp recordings of the activity of the GIRK channel in response to the combination of the endogenous ligand together with an inverse agonist targeting each of the two receptors. GIRK channels are known to be directly activated by the Gβγ subunits of Gi/o proteins [24] . GIRK channel activation has been extensively used as a measure of Gi signaling [14, 15, 34] . In contrast, the activity of GIRK channels is inhibited by Gq/11 signaling via hydrolysis of phosphatidylinositol-4,5-biphosphate (PIP 2 ), a membrane phospholipid critical for the maintenance of channel activity [25] . Upon Gq/11 activation, phospholipase C (PLC) hydrolyzes PIP 2 into diacylglycerol (DAG) and inositol triphosphate (IP 3 ). PLC-mediated PIP 2 depletion results in desensitization of GIRK currents [23] and the level of current inhibition can be used as a measure of the elicited Gq activity.
First, the mGlu 2 R inverse agonist LY34 potentiated the 5-HT-induced Gq activity of our crosstalk-positive (clone 80) but not that of a crosstalk-negative clone (clone 45) (Fig. 6a, see Online Resource 5, Fig. S3a for representative traces) , consistent with our Ca 2+ imaging data (Fig. 2b) . We next tested whether the inverse agonist of 2AR paliperidone could cross-signal and potentiate the mGlu 2 R-mediated response to glutamate (Glu). The same two clones used for the experiments of Fig. 6a were subjected to whole-cell recordings of GIRK channel activity stimulated by sequential application of Glu and Glu together with paliperidone. Paliperidone potentiated Glu-induced GIRK currents for clone 80 but not for clone 45 (Fig. 6b , see Online Resource 5, Fig. S3b for representative  traces) .
A combination of an mGlu 2 R strong agonist together with a 2AR inverse agonist has previously been shown as necessary in order to elicit cross-signaling in cases of suboptimal expression ratios of the two receptors [11] . We asked whether a combination of the 2AR inverse agonist paliperidone with the mGlu 2 R strong agonist LY379268 (or LY37) would elicit cross-signaling in the crosstalk-negative clone 45 but not further cross-signaling in the crosstalk-positive clone 80. Sequential application of LY37 and LY37 plus paliperidone was used to stimulate GIRK channel activity. As expected, LY37 was more efficacious than Glu in stimulating GIRK currents (note the scale difference in Fig. 6b versus c) . Application of paliperidone plus LY37 promoted a significant increase in LY37-stimulated GIRK channel activity in clone 45 but not the crosstalk-positive clone 80 (Fig. 6c , see Online Resource 5, Fig. S3c for a representative trace) , which, in agreement with our binding data from this clone indicating some low level of cross-signaling, suggests that this clone retains the ability to show cross-signaling in response to the combination of the mGlu 2 R strong agonist with the 2AR inverse agonist.
In summary, the above data strongly support crosssignaling between the two receptors, as manifested by potentiation of the signaling of either receptor by inverse agonists of the partner receptor, in crosstalk-positive clones. Moreover, our data suggest that by acting on both receptors simultaneously with the appropriate combination of drugs, we can improve weak cross-signaling between the two receptors due to sub-optimal expression ratios and rescue the crosstalknegative phenotype, consistent with our prior results in the oocyte expression system [11] .
Cross-signaling between mGlu 2 R and 2AR in HEK/GIRK/mGlu 2 R/2AR clones using fluorescence assays
We next proceeded to use fluorescent assays to test for crosssignaling of positive clones with the goal to efficiently test many cells simultaneously. Potentiometric probes offer an indirect method of detecting channel activity by measuring changes in membrane potential. The HLB 021-152 potentiometric dye has been successfully used to measure cyclic nucleotide gated ion channel activity in response to changes in cAMP concentration [37] , or GIRK1/GIRK2 channel activity in response to muscarinic [40] or somatostatin [38, 41] receptor activation. The negatively charged dye equilibrates across the plasma membrane of resting cells and fluoresces upon binding to proteins or lipids. Plasma membrane hyperpolarization triggered by K + channel opening decreases the levels of the cell-associated dye to the inner leaflet of the plasma membrane and results in a decrease in fluorescence.
We evaluated the suitability HLB 021-152 to report both Gi-and Gq-induced changes in GIRK channel activity in our system. We used epifluorescence microscopy coupled to an automatic perfusion system in order to measure changes in fluorescence at the single cell level. Figure 7a shows a representative summary of traces from the crosstalk-positive HEK/ GIRK/mGlu 2 R/2AR clone 106. Application of Glu promoted a decrease in fluorescence which was reversed by subsequent co-application of Glu together with the GIRK channel inhibitor Tertiapin Q (Trtn), indicating that the decrease in fluorescence was due to GIRK channel activation (Fig.7a , see also Online Resource 6, Video 3). To further confirm specificity of the responses, the parental clone HEK/GIRK 31, which expresses the channel but not the receptors, was subjected to the same protocol and such changes in fluorescence were not observed (Fig. 7a, ctrl 31 , see also Online Resource 7, Video 4). Figure 7b shows a summary of the data presented as channel activity (See Online Resource 8, Figs. S4a and S4b for individual traces before averaging). Thus, HLB 021-152 can reliably report Gi-dependent stimulation of GIRK channel activity upon agonist-dependent activation of mGlu 2 R. We next asked whether HLB 021-152 would be a reliable reporter of GIRK channel activity regulated by switching between Gi and Gq signaling. HLB 021-152-loaded HEK/GIRK/mGlu 2 R/2AR clones 80 and 106 and the control parental clone HEK/GIRK-31 were exposed to Glu to induce Gi signaling through mGlu 2 R, followed by addition of 5-HT to induce Gq signaling through 2AR. As shown in Fig. 7c Figure 7d shows summary data from these two positive clones, expressed as channel activity. Our data indicate that HLB 021-152 serves as a reliable probe for changes in GIRK channel activity triggered by both Gi and Gq signaling. However, the small fluorescence changes obtained with HLB 021-152 did not provide the appropriate dynamic range to accurately report signaling responses to a combination of drugs, particularly in view of the sensitivity of the dye to DMSO at concentrations as low as 0.5 %, which complicated the use of compounds needing to be dissolved to DMSO (e.g., paliperidone).
The FLIPR Membrane Potential dyes BBlue^and BRedĥ ave been introduced as a generation of potentiometric probes with shorter response times, higher dynamic range, and less sensitivity to temperature changes. The FLIPR Blue dye has been successfully used to monitor GIRK channel activity in response to μ-opioid receptor activation in AtT-20 cells [22] . We tried both Blue and Red dyes in a high-throughput setting, using an automated liquid handling microplate reader (FlexStation 3). Figure 8 shows data obtained using the Blue dye in this setup. As with the HLB 021-152 dye, application of Glu promoted a rapid decrease in fluorescence in cells from two crosstalk-positive clones expressing the channel and the receptors (Fig. 8a, c) , but not in control cells from the parental clone 31 expressing the channel but not the receptors (Fig. 8b,  c) . The effect of Glu was reversed by subsequent addition of Fig. 6 Cross-signaling between mGlu 2 R and 2AR in HEK/GIRK/ mGlu 2 R/2AR cells demonstrated by changes in GIRK channel activity. a-c Summary data from whole-cell patch-clamp recordings of GIRK currents in two clones of HEK/GIRK/mGlu 2 R/2AR cells exposed to a 5-HT (20 nM), followed by 5-HT (20 nM) + LY34 (100 μM), b glutamate (Glu, 500 nM), followed by Glu (500 nM) + paliperidone (100 μM) (Glu + Pal), and c LY37 (50 nM), followed by LY37 (50 nM) + paliperidone (100 μM). Gq activity (a) was measured as GIRK current inhibition. Gi activity (b, c) was measured as GIRK current activation, see experimental procedures. Data were normalized to basal activity and results are expressed as mean ± SEM. One asterisk indicates p ≤ 0.05, two asterisks indicate p ≤ 0.005. Numbers inside the bars indicate the number of experiments 5-HT (See Fig. 8d, f) , demonstrating the suitability of the dye to monitor both Gi-and Gq-dependent responses. Again, no responses were recorded in the control clone 31 (Fig. 8e, f) .
We next asked whether the FLIPR Blue dye would be a reliable reporter for cross-signaling responses similar to those recorded with whole-cell patch clamping (see Fig. 6b ). Two of our crosstalk-positive clones and the parental clone HEK/ GIRK/mGlu 2 R-59, which expresses the channel and mGlu 2 R, but not 2AR, were used to determine whether the 2AR inverse agonist paliperidone could cross-signal to potentiate mGlu 2 R-dependent Gi signaling. Figure 8g shows sample traces from sequential application of Glu and Glu together with paliperidone in dye-loaded cells from clone 80. Indeed, co-application of Glu and paliperidone promoted a significantly higher decrease in the FLIPR Blue fluorescence signal than Glu alone, indicating that the inverse agonist for 2AR cross-signaled to potentiate Gi signaling through the partner receptor mGlu 2 R. Such responses to paliperidone were not observed in cells from the control clone which does not express 2AR ( Fig. 8h) , confirming that paliperidone acted through the mGlu 2 R/2AR heteromer. Figure 8i S2f ). It should be noted that although the FLIPR Blue potentiometric dye could provide a reliable probe not only for both Gi and Gq signaling but also for reporting crosssignaling between the two receptors, we found a highly variable sensitivity to DMSO among different batches of this dye.
In summary, our data from potentiometric dye probing suggest that both HLB 021-152 and FLIPR Blue potentiometric dyes provide reasonable probes for monitoring mGlu 2 R-and 2AR-regulated GIRK channel activity and fully agree with our calcium imaging and whole-cell patch-clamp data showing cross-signaling between mGlu 2 R and 2AR in representative clones of HEK293 cells expressing both receptors.
Discussion
In this study, we stably expressed the mGlu 2 R and 2AR receptors along with a channel reporter (GIRK1/GIRK4) in HEK293 cells. Making single-cell epifluorescence Fura-2 measurements, we screened as crosstalk-positive those clones that gave significantly higher 5-HT-induced Ca 2+ responses in Approximately 25-30 % of the clonal cells we generated proved crosstalk-positive. Such clones showed significantly higher cell surface colocalization of the two receptors than crosstalk-negative ones, as assessed by imaging flow cytometry or confocal laser microscopy. Moreover, when the cell surface mGlu 2 /2A receptor ratio was normalized to each receptor's own mRNA, crosstalk-positive clones could be clearly differentiated from crosstalk-negative ones. Representative crosstalk-positive and crosstalk-negative clones were compared further in terms of their binding to radioactive mGlu 2 R and 2AR ligands, or the ability of a 2AR agonist to displace the radioactive 2AR inhibitor. Our binding results clearly differentiated the crosstalk-positive from negative clones, consistent with previously established positive and negative controls. We employed two additional functional assays using the channel reporter in these stably transfected cells to compare representative crosstalk-positive and crosstalknegative clones. Whole-cell patch-clamp electrophysiological data, consistent with the Fura-2 fluorescence data, showed LY34 potentiation of 5-HT responses for a crosstalk-positive but not a negative clone. Similarly, the 2AR inverse agonist paliperidone potentiated Glu responses for a crosstalk-positive but not a negative clone. Moreover, consistent with our previous data in Xenopus oocytes, combination of a 2AR inverse agonist with a strong mGlu 2 R agonist significantly enhanced cross-signaling in a crosstalk-negative rather than a positive HEK293 clone. In a second functional assay, we used potentiometric fluorescent dyes to report on channel activity as a result of Gi and Gq signaling activation in representative crosstalk-positive and crosstalk-negative clones. Using a FLEX station setup, we measured signals from thousands of cells, and obtained significant potentiation of the Glu responses by paliperidone in crosstalk-positive clones compared to negative controls. These results provide strong evidence that stably transfected mammalian cells can and do display cross-signaling through the mGlu 2 and 2A receptors. The question then becomes what makes a clone crosstalkpositive or crosstalk-negative as assayed by single ligands, even though it may be expressing both receptors? As was shown by Fribourg and colleagues in the Xenopus oocyte expression system [11] (also see [28] ), the relative levels of mGlu 2 R and 2AR mRNA injected is a crucial factor of whether the formed heterocomplex would cross-signal or not in response to ligands targeting one or the other receptor. At the optimal mGlu 2 R/2AR mRNA ratio, maximal crosssignaling correlated with the most efficient presentation of each receptor's protein at the cell surface. At sub-optimal mGlu 2 R/2AR mRNA ratios, a condition associated with a dramatically reduced degree of cross-signaling, the ratio of mGlu 2 R/2AR total receptor protein (although still following the ratio of injected RNAs) did no longer account for the ratio of receptor proteins at the cell surface, presumably indicating unfavorable changes in the trafficking and/or stability of the receptors at the cell surface. Although in a mammalian cell system the ratio of receptor mRNAs cannot be controlled as precisely as in the Xenopus oocyte system, our data indicate that similar regulatory mechanisms exist in mammalian cells. In the Xenopus oocyte system, the optimal mGlu 2 R/2AR mRNA ratio was 1:2. In the HEK/GIRK/mGlu 2 R/2AR clones, the closest to this ratio observed was 1:1. Crosstalkpositive clones were the ones with ratios close to 1:1 whereas higher ratios (2:1 to 4:1) characterized crosstalk-negative clones. The difference between crosstalk-positive and crosstalk-negative clones became more evident when, in order to account for factors regulating trafficking and/or stability on the cell surface, we introduced the ratio of the Befficiency^of each receptor's mRNA to produce protein that reaches or stays at the cell surface (or mGlu 2 R/2AR normalized surface protein ratio) which clearly differentiated positive from negative clones. Plotting the normalized mGlu 2 R surface protein (surf. protein/mRNA) against the normalized 2AR surface protein for each clone revealed a clear segregation of crosstalkpositive clones to a different area than the one corresponding to the negative ones (Online Resource 4, Fig. S2e , gray and white areas, respectively). Remarkably, clones well within each sub-area (either gray or white) showed a consistent phenotype, either positive (e.g., clones 80 and 106) or negative (e.g., clone 45) in all assays tested, whereas clones close to the borderline between the positive and negative areas (e.g., clones 3 and 92) showed unexpected behaviors. Clone 92 showed an inconsistent behavior in calcium imaging experiments (Online Resource 4, Fig. S2b ), but it behaved consistently as a crosstalk-positive clone in potentiometric probe assays (Online Resource 4, Fig. S2f ) and it showed a crosstalk-positive phenotype in terms of the mGlu 2 R/2AR normalized surface protein ratio (Online Resource 4, Fig. S2d) . Notably, although it classified among the crosstalk-positive clones in terms of colocalization of the two receptors, it showed the lowest percentage of colocalization compared to any one of the crosstalk-positive clones (Online Resource 4, Fig. S2c, see also Fig. 3c ). Clone 3, although it displayed very consistent responses in calcium imaging assays, it showed a unique inverse cross-signaling (Online Resource 4, Fig. S2a ) the nature of which is not clear. It seems that, within the range of expression of the two receptors in our clones exhibiting the most consistent crosssignaling are the ones with the highest mGlu 2 R and the lowest 2AR normalized surface protein expression (surface protein per RNA unit). This could be either the cause or the consequence of heteromerization. In the most simplified Bcauset ype of scenarios, too high levels of 2AR for example (always relative to mGlu 2 R) may favor homomerization versus heteromerization, whereas in the Bconsequence^type of scenarios, differences in transportation and/or stability between mGlu 2 R/2AR heteromers and mGlu 2 R or 2AR homomers may account for differences in each receptor's normalized expression (surface protein per unit RNA). The above scenarios can become more complicated if one takes into account the possibility of random formation of complexes of Bwrongŝ toichiometries, with different transportation or stability parameters, compared to either homomers or heteromers of the right stoichiometry. The gap in our current understanding of the critical steps intervening between the relative receptor mRNA expression to the cell surface localization of the mGlu 2 R/2AR heterocomplex makes it difficult to discern what exactly is the critical difference between crosstalkpositive and crosstalk-negative heterocomplexes. What is the subunit stoichiometry of crosstalk-positive versus crosstalknegative heterocomplexes? Are these heterocomplexes preformed and trafficked to the cell surface or can they assemble in a dynamic manner at the cell surface? Regardless of the underlying interesting cell biology that will clarify our understanding of the make-up of cross-signaling heterocomplexes, our study shows that they do exist in mammalian cells and can be differentiated from crosstalk-negative heterocomplexes. A critical result provided by Fribourg et al. both in Xenopus oocytes expressing the two receptors at suboptimal RNA ratios and in mice heterozygous for one or the other receptor was the rescue of cross-signaling and its physiological function upon co-administration of ligands for the two receptors whose actions push the Gi-Gq balance in the same direction.
Similarly, co-administration of paliperidone and LY37 also produced significant cross-signaling enhancement in a representative example of HEK293 crosstalk-negative clones compared to an example of crosstalk-positive ones. These results are consistent with our binding demonstrating that crosstalknegative clones, although well differentiated from crosstalkpositive ones, are clearly different from 2AR homomers, indicating the presence of some level of allosteric interactions. Thus, even crosstalk-negative heterocomplexes can be made to cross-signal given the appropriate stimuli. This is a critical point in the case of schizophrenia, where the relative receptor levels are dysregulated [13] and one may be working mostly with crosstalk-negative heterocomplexes, as assessed by responses to single ligands. Our results suggest that a combination of drugs targeting both receptors may be equally or more efficacious in treating psychosis than higher doses of compounds targeting a single receptor that are plagued with unwanted side effects.
Two months following publication of the evidence for cross-signaling through the mGlu 2 R/2AR heterocomplex by Fribourg et al. [11] , a report by Delille and colleagues appeared online arguing for lack of functional crosstalk evidence in HEK293 cells stably expressing mGlu 2 and 2A receptors [6] . Although these authors could detect formation of the mGlu 2 R/2AR heterocomplex, they challenged the biological relevance of the heterocomplex (also see later review by the same authors [7] ). The present study directly responds to this challenge and demonstrates both binding and functional crosstalk between the mGlu 2 and 2A receptors. Yet, in the present study, only 25-30 % of the clonal cells tested showed functional cross-signaling even though all cells were subjected to the same protocol for generation of stable cell lines. It is likely that under the conditions of the relative receptor expression used, the Dellile et al. study predominantly produced crosstalk-negative heterocomplexes. If that were the case, dual administration of a strong agonist/inverse agonist combination for the mGlu 2 R/2AR heterocomplex would have tested whether cross-signaling could still be observed.
Future development of bivalent ligands able to selectively bind heterocomplexes and not their homomeric counterparts promises to provide useful tools to identify and probe heterocomplex behavior in cellular model systems and in vivo animal models. The development of stable cell lines expressing crosstalk-positive and negative mGlu 2 R/2AR heterocomplexes provides the opportunity to use these cells for high-throughput screening of antipsychotic ligands targeting these receptors. The incorporation of a channel reporter in these cell lines and the use of fluorescent potentiometric dyes in our study have shown the feasibility of this approach. Yet, in our hands, the FLIPR dye showed batchto-batch variation in terms of its response to DMSO solvents that could preclude its reliable use to screen water-insoluble drugs that need to be dissolved in DMSO. Better tools will need to be developed to exploit the potential of this system for high-throughput screening of antipsychotic agents.
